Soybean rust (SBR), caused by Phakopsora pachyrhizi, is considered to be one of the most damaging diseases of soybean worldwide. Monitoring for the disease in Alabama relies heavily on scouting kudzu on a biweekly basis in south and central portions of the state from late January through the end of July in areas where soybean production is minimal and is critical to help growers avoid significant yield losses from SBR. Previous studies have reported that some kudzu populations are naturally resistant or immune to infection from the pathogen which can complicate early disease detection. This study will apply that knowledge to determine locations of kudzu populations that are either resistant or susceptible to P. pachyrhizi in order to increase monitoring efficiency and reduce costs associated with the scouting program. Results show that approximately 34% of the 162 kudzu sites tested in Alabama were resistant to P. pachyrhizi. By focusing scouting efforts on SBRsusceptible kudzu sites, we will reduce costs associated with the monitoring program by approximately 25% which is critical at a time when funding for such efforts is decreasing.
INTRODUCTION
Soybean rust (SBR), caused by Phakopsora pachyrhizi Sydow, has been a recurring problem for soybean (Glycine max Merrill) growers in the southern United States since it was first reported in 2004 (Schneider et al. 2005; Sikora and Hershman 2008) . The disease was a significant problem in Alabama in 2012 when SBR reduced yield by over 60% in over 500 acres of poorly managed soybean in the southern region of the state Sikora et al. 2014a) . Fields with the greatest yield losses either received a fungicide application too late or failed to receive a fungicide. Estimated economic losses were upwards of $135,000 to farmers who failed to apply a fungicide during the 2012 season (Alabama Cooperative Extension System 2013; Allen et al. 2014 ). Significant damage from SBR was also observed in 2013 where losses of up to 40% were estimated in unprotected or poorly protected fields (Allen et al. 2014; Sikora et al. 2014b ). Greater losses appear to have been avoided with properly timed fungicide applications based on management suggestions strengthened by regional scouting for the disease.
KUDZU GONE WILD
Kudzu (Pueraria montana var. lobata (Willd) Sanjappa & Predeepis) is a semi-woody perennial climbing vine first introduced into the United States in 1876 as an ornamental plant (Everest et al. 1999; Miller and Edwards 1983) . In the early 1900s, kudzu was promoted as an inexpensive forage crop for livestock, but reached its greatest level of prominence in the 1930s when it was widely planted in the southern United States to control soil erosion (Britton et al. 2002) . Kudzu has been observed in 31 states and Ontario, Canada, and is estimated to cover over 7.4 million acres of the eastern United States (Sikora 2014) . The major concentration of kudzu is in the southern United States, where some states (e.g., Alabama, Georgia, and North Carolina) report every county to be infested with the invasive weed (Allen et al. 2014) .
Kudzu, a close relative of soybean, is now considered the primary overwintering host of P. pachyrhizi in the United States, and important to the potential for SBR epidemics in this country (Sikora 2014a; Sun et al. 2005) . Soybean rust-infected kudzu leaves that survive the winter and new kudzu leaves that are infected prior to soybean emergence in the spring serve as a bridge for SBR inoculum increase and northward spread (Sikora 2014) . SBR has successfully overwintered on kudzu in Alabama in eight of the past 11 years as well as on kudzu in Florida and Louisiana along the Gulf coast in most years since 2006. These
FIGURE 1
The perennial weed kudzu growing next to an abandoned building and along a railroad track in Dothan, AL. sites are almost always associated with urban heat islands in cities or towns that experience elevated temperatures compared to outlying rural areas (Oke 1997; Sikora 2014) . Some of these infected kudzu sites have been identified as far north as the cities of Montgomery and Selma in central Alabama (Sikora 2014) .
WHY SCOUT KUDZU FOR SOYBEAN RUST?
The Alabama SBR monitoring program was started in 2005 shortly after the disease was first detected in the state (Mullen et al. 2006; Sikora et al. 2009 ). The program is part of the Soybean Rust-Pest Information Platform for Extension and Education which relies on real-time disease monitoring information to track and predict in-season spread of the pathogen in North America (Giesler and Hershman 2005; Hershman et al. 2011; Sikora et al. 2014a ). The program includes monitoring soybean sentinel plots as well as kudzu sites early in the year before the majority of commercial soybean fields have reached reproductive stages of plant growth to aid in early detection of the disease. In Alabama, monitoring of kudzu typically focuses on large patches in rural areas often along county roads that are accessible to scouts and where kudzu growth often goes unchecked by landowners (Figs. 1 to 3). Typically, kudzu populations, selected randomly by scouts, are monitored biweekly from late January through the end of July in south Alabama, covering a 24-week period. Eventually, kudzu monitoring becomes statewide as the season moves into the late summer/fall period, and as SBR begins to spread northward through the state. In Alabama, kudzu is the sole monitoring host throughout much of the southern third of the state because of the lack of commercial soybean production in this region (Price 2016) and the lack of suitable locations for establishing soybean sentinel plots. Therefore, the ability to scout kudzu is a vital component of the SBR monitoring program in Alabama.
Scouting kudzu consists of visiting multiple kudzu sites in an area and examining a minimum of 100 leaflets per site. In any given day, a scout may examine 25 to 30 sites in 10 to 12 counties for SBR. This method of scouting is laborious, time consuming and costly because there is so much kudzu and too few scouts. Another confounding aspect of kudzu is that some sites are naturally resistant or immune to infection from the fungus (Bonde et al. 2009; Jordan et al. 2010) . This fact suggests that field scouts, who often pick kudzu sites arbitrarily, have likely surveyed patches that were resistant or immune to the disease.
The purpose of this study was to determine if kudzu sites frequently used for monitoring for SBR in southern Alabama were susceptible or resistant to P. pachyrhizi. Determining the exact location of kudzu sites that are susceptible to the disease will enable scouts to focus their efforts on kudzu populations more likely to exhibit early symptoms of the disease. Mapping susceptible kudzu populations could then be used as a guide for future scouts to focus their efforts on susceptible kudzu sites and to avoid resistant populations in order to save time and money.
TESTING KUDZU TO DETERMINE RESISTANCE TO SOYBEAN RUST
South and central Alabama kudzu sites located along roadways in rural areas, and historically used by scouts to monitor for SBR, were chosen. Criteria used for selecting individual sites included: heavily shaded areas that would promote environmental conditions conducive for SBR development; ease of access, including a wide shoulder or a driveway to park vehicles for the safety of scouts from on-coming traffic; and areas that offered some security from aggressive dogs, poisonous snakes, suspicious land-owners, and the occasional kudzu-hidden ditch or ravine. The latitude and longitude for each site was determined and a physical description of the area was recorded. Kudzu leaves used for the experiment were collected in September and October of each year.
At each site, leaflets with no visible symptoms of SBR were removed from several locations within the patch. The middle leaflet of the 4th or 5th trifoliate leaf from the end of a vine was removed, placed in a plastic bag with a moist paper towel, and transported to the laboratory in an insulated cooler. The leaves were subsequently washed twice with tap water and patted dry with a paper towel. The petioles were recut with a scalpel and the petioles embedded in 1% water agar in a petri plate (100 by 15 mm) with one leaflet per plate. A minimum of five test leaves and two control leaves were used per site.
FIGURE 2
A soybean rust-infected patch of kudzu climbing up trees near Gordon, AL.
FIGURE 3
Soybean rust-infected leaves in a susceptible kudzu patch in Fairhope, AL.
Each year, a population of uredinospores of P. pachyrhizi was collected from naturally infected soybean plants from soybean sentinel plots located at Auburn University, Auburn, AL (Lee County). A suspension of uredinospores was prepared by brushing spores off infected leaflets using a #7 paint brush and diluting the resulting spores to 1 × 10 8 in sterilized distilled water using a hemocytometer. The leaflets were inoculated within 1 h of preparing the spore suspension. Two leaflets were designated as controls and sprayed with 0.5 ml sterile distilled water. The remaining leaflets were sprayed with 0.5 ml of the uredinospore suspension. The petri plates were covered and allowed to incubate at 23°C on the laboratory bench in natural light. Leaves were monitored for lesion development and sporulation of P. pachyrhizi for 28 days after inoculation at which time the test was terminated. Scoring was determined by the presence or absence of pustules with spores on the leaf surface. Sporulation on any leaflets, either inoculated or the controls represented a susceptible reaction by the population being screened (Fig. 4) .
KUDZU POPULATIONS RESISTANT TO SOYBEAN RUST DETECTED IN ALABAMA
A total of 162 kudzu sites from 30 counties in south and central Alabama were screened for resistance to SBR between 2012 and 2015. Results showed that P. pachyrhizi was unable to develop on approximately 34% of the 162 kudzu populations during this period (Table 1 ). Phakopsora pachyrhizi was not able to develop on 36% of the 47 populations screened in 2012; 38% of the 73 populations tested in 2013; and on 24% of the 42 populations screened in 2015. Kudzu screenings were not conducted in 2014 because of the lack of SBR inoculum needed for testing due to the slow progression of the disease within Alabama that year. Attempts were not made to record differences in lesion color, size, or sporulation, and populations were only screened one time during the study period, as the main objective was to identify as many susceptible populations of kudzu as possible in the region to aid future scouting efforts. 
FIGURE 4
Phakopsora pachyrhizi sporulating on inoculated kudzu leaflet exhibiting a susceptible reaction by the host.
In their distribution across the sampled areas, there was no consistent pattern of resistant sites (Fig. 5 ). This trend was also observed by Jordan et al. (2010) for kudzu patches in North Florida, and by Bonde et al. (2009) in Kentucky, Louisiana, Mississippi, and North Carolina. This result was not unexpected based on the genetic diversity observed among kudzu populations. Sun et al. (2005) reported that kudzu populations in the south- eastern United States were genetically diverse among populations, but had little diversity within populations, indicating multiple introductions with inbreeding within these populations. However, there was at least one case where SBR-resistant kudzu populations appeared to be grouped together in a single county. This was observed in 2015 when four of five kudzu populations sampled from Wilcox County were determined to be resistant to P. pachyrhizi. There were other instances where populations located within a few miles of one another were also observed to be resistant to the pathogen. It is possible this goes back to how these populations were first established in the state. In the 1930s, the Soil Conservation Service employed hundreds of people in the Civilian Conservation Corps to plant kudzu for erosion control (Britton et al. 2002; Everest et al. 1999) . It is likely that kudzu with a similar genotype was planted in clusters across the south, with further spread locally by birds and animals.
MAPPING KUDZU POPULATIONS SAVE TIME AND MONEY
Results from our study show that approximately 34% of kudzu sites in south and central Alabama are resistant to P. pachyrhizi. Mapping these sites using GPS coordinates along with marking kudzu patches susceptible to the disease will enable scouts to focus their efforts on areas more likely to exhibit early symptoms of SBR. This increased efficiency will result in a cost-savings to the monitoring program.
Historically, monitoring the sites outlined in this study involves having two scouts traveling in one vehicle once a week for 24 weeks (late January through the end of July) on an approximately 300 mile journey that alternates between two set circular routes and takes 13 h to complete on average. The total cost to the SBR monitoring program for this 24-week period at this time comes to $7,375.44, which includes a $30 per diem, $0.54 in mileage reimbursement, and $188.50 in wages (@ $7.25/hour). Using our new GPS coordinates of confirmed SBR-susceptible kudzu sites, we have been able to reduce our total cost to $5,525.16 by requiring only one person to complete each scouting mission. By eliminating the per diem and wages for one individual, we have reduced our costs by approximately 25% for this portion of the SBR monitoring program in Alabama. These numbers will vary from year to year depending on various factors such as fluctuation in the movement of SBR within the state and/or how early the pathogen is detected in a county. Typically, when environmental conditions favor the rapid spread of SBR in Alabama, it can often be observed in multiple locations and counties in a single day. In our program, we rarely return to a county to scout for SBR after the disease has been detected. At that point, we have shifted our focus to soybean sentinel plots and commercial soybean fields in the central and northern sections of the state.
The ability to scout kudzu from late January through the end of July is a vital component of the SBR monitoring program in Alabama. By conducting this project, we have identified and mapped the location throughout central and south Alabama of kudzu populations that are susceptible or resistant to P. pachyrhiza. In doing so, we have increased our efficiency in monitoring for the disease and reduced the cost associated with the scouting program, thus potentially making the program more sustainable. This is important, as the funding available for SBR monitoring has declined significantly since 2005 (Allen et al. 2014; Sikora et al. 2014 ).
